Cortical microtubule arrays are critical in determining the growth axis of diffusely growing plant cells, and various environmental and physiological factors are known to affect the array organization. Microtubule organization is partly disrupted in the spiral1 mutant of Arabidopsis thaliana, which displays a right-handed helical growth phenotype in rapidly elongating epidermal cells. We show here that mutations in the plasma membrane Na þ /H þ antiporter SOS1 and its regulatory kinase SOS2 efficiently suppressed both microtubule disruption and helical growth phenotypes of spiral1, and that sos1 and sos2 roots in the absence of salt stress exhibited altered helical growth response to microtubuleinteracting drugs at low doses. Salt stress also altered root growth response to the drugs in wild-type roots. Suppression of helical growth appeared to be specific to spiral1 since other helical growth mutants were not rescued. The effects of sos1 in suppressing spiral1 defects and in causing abnormal drug responses were nullified in the presence of the hkt1 Na þ influx carrier mutation in roots but not in hypocotyls. These results suggest that cytoplasmic salt imbalance caused by insufficient SOS1 activity compromises cortical microtubule functions in which microtubule-localized SPIRAL1 is specifically involved.
Introduction
Microtubules (MTs) are highly dynamic polymers that can be arranged in several distinct structures or arrays during the cell cycle. In most of interphase, plant MTs are closely associated with the inner surface of the plasma membrane, forming cortical MT arrays (Hashimoto and Kato 2006) , and greatly contribute to the final shape of differentiated plant cells (Smith and Oppenheimer 2005) .
Cortical MT arrays are not static, but are readily remodeled by various endogenous and external stimuli. The effects of plant hormones on array organization are well documented (for a review, see Shibaoka 1994) . Remodeling of cortical MT arrays has also been observed after pathogen attack, following exposure to low temperature or aluminum, and during tropic responses to light and gravity (Nick 1998 , Abdrakhamanova et al. 2003 , Sivaguru et al. 2003 , Takemoto and Hardham 2004 .
There are sporadic reports describing the effects of salt stress on MT organization. When maize roots were exposed to 350 mM KCl for several hours, cell elongation was inhibited and the MT array of cortical cells reoriented from transverse to parallel to the longitudinal axis (Blancaflor and Hasenstein 1995) . Transverse orientation of cortical MT arrays in tobacco BY-2 cells was remodeled to a more random arrangement after treatment with 150 mM NaCl for 15 min (Dhonukshe et al. 2003) . Although these results indicate that cortical MTs are sensitive to exogenous supply of high concentrations of NaCl and KCl, it is not clear whether intracellular ion imbalance at more physiologically relevant concentrations affects MT organization and cell morphology.
During the past decade, our understanding on how plants regulate ion homeostasis has been steadily progressing. Under salt stress, Arabidopsis (Arabidopsis thaliana) plants maintain a high concentration of K þ and a low concentration of Na þ in the cytosol by the combined activities of the plasma membrane Na þ /H þ exchanger SALT OVERLY SENSITIVE 1 (SOS1; Shi et al. 2000) , the vacuolar Na þ /H þ antiporter AtNHX1 (Apse et al. 2003 ) and the plasma membrane Na þ transporter AtHKT1 (Rus et al. 2004) , as well as H þ pumps that generate the driving force for transport. When a protein kinase complex consisting of the calcium-binding protein SOS3 and the serine/threonine protein kinase SOS2 is activated by a salt-stress-elicited calcium signal, the kinase complex then phosphorylates and activates SOS1 antiporter (Zhu 2003) . The tonoplast AtNHX proteins have also been shown to be a target of the SOS regulatory pathway (Qiu et al. 2004 ).
We have been characterizing Arabidopsis helical growth mutants that display skewed growth axis, tilted either to the left or to the right, in rapidly elongating cells, such as those in the root elongation zone and the upper region of etiolated hypocotyls (Hashimoto 2002) . These helical growth phenotypes are caused by mutations in the genes involved in MT functions and are associated with abnormal organization of cortical MT arrays. In lefthanded helical growth mutants lefty1 and lefty2, mutant a-tubulin proteins are incorporated into the MT polymer, which forms an unstable, right-handed helical array in elongating root epidermal cells (Thitamadee et al. 2002) . Right-handed helical growth mutants include spiral1 (spr1) and spr2/tortifolia1 (Furutani et al. 2000) . SPR1 is a plantspecific small protein that localizes to MTs in vivo, with a preference for the growing MT plus ends in some cell types , Sedbrook et al. 2004 , whereas SPR2 is a plant-specific HEAT-repeat protein that directly binds to MTs in vitro and in vivo (Buschmann et al. 2004 .
To identify cellular factors that influence MT functions, suppressor screening of the helical growth mutants is a useful approach. For example, lefty1 and lefty2 were originally identified in a screen for extragenic suppressors of spr1 (Thitamadee et al. 2002) . We also set up a screening strategy searching for mutants that suppress or alter the left-handed helical root growth phenotype of wild-type Arabidopsis seedlings grown on a hard agar medium containing a low dose of an MT-disrupting drug. Surprisingly, both genetic screening methods recovered mutations in salt stress response genes. Our results demonstrate that plant cortical MTs are sensitive to perturbed ion homeostasis and suggest that salt stress compromises the organization of cortical MT arrays, in which SPR1 is involved, and inhibits anisotropic growth.
Results

Genetic suppressor screening of spr1 identified sos1
When grown vertically on a hard-agar plate, spr1 mutant roots grow sharply skewed to the right when viewed from above the plate (Furutani et al. 2000, Fig. 1A) . To isolate genetic suppressors, spr1-1 [Landsberg erecta (Ler) background] was mutagenized with ethylmethane sulfonate (EMS) and a new recessive suppressor was isolated. When the mutated gene was identified by a map-based cloning approach (see Materials and Methods), we found that this spr1 suppressor was an allele of the sos1 mutant (Shi et al. 2000) , and it was thus named sos1-101. In sos1-101, a glycine residue at position 699 in the long C-terminal cytoplasmic tail of SOS1 was replaced by an aspartate residue (Table 1) . In contrast to the right-handed helical arrangement of epidermal cell files and rightward skewed growth in spr1-1 roots, the root epidermal cell files of sos1-101spr1-1 were parallel to the root organ axis and the roots grew almost straight towards the direction of gravity, as seen in wild-type Ler and sos1-101 (Fig. 1A, B, E) . Anisotropic expansion of root cells was compromised in rapidly elongating spr1 cells, resulting in a somewhat reduced length of spr1 roots compared with wild-type roots (Furutani et al. 2000) . Suppression of the helical growth phenotype in sos1-101spr1-1 also exhibited recovery of the length of primary roots to the wild-type level (Fig. 1E) .
Since anisotropic growth of etiolated hypocotyls is also affected in spr1 (Furutani et al. 2000) , we next examined this tissue. When grown for 5 d in the dark, the epidermal cell files of spr1-1 hypocotyls formed a right-handed helix and the degree of skewing was exaggerated at the rapidly elongating apical one-third of the hypocotyl (Fig. 1C) . The epidermal cell files did not skew in sos1-101spr1-1, sos1-101 or wild type (Fig. 1C ). Longitudinal and transverse sections of the upper hypocotyl region showed highly reduced anisotropic cell expansion in spr1, especially in the ground tissues, whereas no apparent defects in cell shape were observed in the other three genotypes (Fig. 1D) . Therefore, the sos1-101 mutation effectively suppressed anisotropic growth defects of spr1-1.
To examine whether other sos1 alleles and an upstream regulator of sos1 are also effective spr1 suppressors, sos1-1, sos1-102, sos1-103 and sos2-101 (all in the Col background; see Table 1 ) were crossed with spr1-2 (Col background) and homozygous double mutants were generated. The sos1-102, sos1-103 and sos2-101 alleles were isolated as described below. As shown by the root slanting angle and the primary root length results, the sos1-1, sos1-102, sos1-103 and sos2-101 mutations clearly suppressed the spr1-2 helical growth phenotype (Fig. 1E) . The helical growth phenotype of the spr1 etiolated hypocotyls was also suppressed in these double mutants (data not shown).
We next tested whether sos1 can suppress other helical growth mutant phenotypes. Right-handed helical growth mutant spr2 (Furutani et al. 2000) and left-handed helical growth mutant lefty2 (Thitamadee et al. 2002) were crossed with sos1-101. The resulting double mutants showed root slanting and other visible phenotypes indistinguishable from those of the single helical growth mutants (Fig. 1E and data not shown), indicating that sos1 suppresses the phenotypes of spr1 but not of spr2 or lefty2. sos1 and sos2 show an altered response to MT-interacting drugs An MT-depolymerizing drug propyzamide added to the agar medium at 3 mM induces left-handed helical growth in wild-type roots and petioles, resulting in root growth skewed to the left and a clockwise twisting of cotyledons when viewed from above the plates (Furutani et al. 2000) . We screened mutagenized Col seedlings in the presence of 3 mM propyzamide for mutants whose primary roots grew to the right, the direction opposite to the leftward skewing of wild-type roots. Four recessive mutants were found to be hypersensitive to elevated levels of NaCl in the culture medium, and were shown to be allelic to sos1 and sos2 (Liu et al. 2000) complementation tests. sos1-102 had an exchange of the alanine residue at position 64 for a proline residue, whereas sos1-103 had a lysine to glutamine residue exchange at position 149 (Table 1 ). In sos1-104, a 1 bp deletion was introduced at nucleotide position 4,421, causing a frameshift and truncation of the C-terminal tail of SOS1 (Table 1) . The conserved tryptophan residue in the kinase subdomain IX of SOS2 was altered to a glycine residue in sos2-101 (Table 1) . We examined the effects of low doses of three MT-interacting drugs on several sos mutants, as listed in Table 1 . Addition of 3 mM propyzamide or 1 mM taxol to the agar medium induced a marked left-handed helical twist in wild-type root epidermal cells and caused leftward skewing of wild-type roots ( Fig. 2A, B, D) . Addition of 0.1 mM oryzalin was much less effective in inducing lefthanded helical growth in wild-type roots ( Fig. 2A, D) . When seven sos1 alleles (sos1-1, sos1-3, sos1-12, sos1-101, sos1-102, sos1-103 and sos1-104) and sos2-101 were treated with these MT-interacting drugs, root epidermal cell files formed right-handed helices and roots grew toward the right side of the plates ( Fig. 2A , B, D). Addition of 3 mM propyzamide or 1 mM taxol to the agar medium also induced clockwise rotation of cotyledon petioles in wildtype seedlings (Fig. 2C ). When the seven sos1 alleles and sos2-101 were treated with the drugs, there was no apparent twisting of petioles ( Fig. 2C and data not shown). In the sos1-11 allele, the responses to the three MT-interacting drugs were less pronounced than in the other sos alleles (Fig. 2D ). Root growth of sos1-11 was not severely inhibited by 10 mM NaCl compared with other sos alleles tested (Supplementary material), indicating that sos1-11 is a weak sos1 allele.
spr1 responded to the MT-interacting drugs largely as wild type by reverting its right-handed helical growth to left-handed growth (Furutani et al. 2000 , Fig. 2D ). In the sos1-101spr1-1 double mutant, the responses of roots to the drugs were indistinguishable from those of the sos1-101 single mutant, indicating that sos1 is also epistatic to spr1 in the drug response assay (Fig. 2D ).
Exogenous supply of NaCl suppresses the spr1 phenotype
Suppression of the spr1 phenotype by various sos1 alleles suggests that increased cytoplasmic Na þ concentration is the primary cause for the suppression. To test this idea, we examined the effect of NaCl addition to the culture medium on the spr1 phenotype. When 3-day-old spr1-1 seedlings were placed on the medium containing 50 mM NaCl, initially skewed roots began to grow downward in the direction of the gravity vector (Fig. 3A) . The epidermal cell files of spr1 roots changed from a right-handed helix to an orientation parallel to the root axis upon transfer to the salt-supplemented medium (Fig. 3A) . The helical growth phenotype of etiolated hypocotyls was also suppressed by the addition of NaCl (Fig. 3B ). Exogenous supply of NaCl suppressed other spr1 alleles (spr1-2 and spr1-3) as well, but was not effective in suppressing the helical growth phenotypes of spr2, lefty1 or lefty2 (Fig. 3C) .
To examine whether the suppression was caused by general osmotic stress or by specific ions, the effects of NaCl, LiCl and mannitol on the spr1 phenotype were analyzed (Fig. 3D) . When spr1-1 seedlings were grown in the presence of NaCl at various concentrations up to 50 mM, the rightward root slanting angle decreased with a concomitant increase of root length, in a dose-dependent manner. LiCl was effective in suppressing the spr1 phenotype at lower concentrations than NaCl, but showed growth inhibition at concentrations higher than 5 mM. Thus, although complete suppression of the spr1 phenotype was not attainable with LiCl, it appears that Li þ , a toxic cation chemically related to Na þ , was also effective. In contrast, osmotic stress caused by up to 200 mM mannitol did not rescue the spr1 root bending. These results indicate that suppression of the spr1 phenotype by exogenous NaCl and LiCl is due to excess uptake of Na þ or Li þ but not to osmotic stress. hkt1 suppresses the sos1 phenotype in an organ-dependent manner Arabidopsis Na þ transporter AtHKT1 mediates tolerance to salt stress and functions in the removal of Na þ from the xylem and recirculation of Na þ to roots via the phloem (Sunarpi et al. 2005 ). In the hkt1 mutant, Na þ overaccumulates in shoots and the xylem sap, but underaccumulates in roots and the phloem sap (Berthomieu et al. 2003 , Sunarpi et al. 2005 . To gain further insights into how Na þ levels in various tissues affect sos1 phenotypes, the effects of the hkt1 mutation were analyzed. Previously, hkt1 was shown to suppress Na þ hypersensitivity of sos3 roots in the presence of sufficient external Ca 2þ (Rus et al. 2001 , Horie et al. 2006 . We confirmed that hkt1 effectively recovered the root growth of sos1 in the presence of 50 mM NaCl and 3 mM CaCl 2 (Fig. 4A) . Next we examined whether the hkt1 mutation can also suppress the abnormal root response of sos1 to the MT-interacting drug taxol. Three-day-old seedlings were transferred onto vertical agar plates containing 1 mM taxol, grown for an additional 4 d and the skewing angle of newly grown roots was measured (Fig. 4B) . Taxol induced leftward skewing in wild-type roots and hkt1 roots, whereas drug-treated sos1 roots skewed to the right side. sos1hkt1 roots grew to the left in the presence of 1 mM taxol, indicating that hkt1 suppressed the MT-interacting drug-induced abnormal root slanting phenotype of sos1.
To study how the hkt1 mutation affects the suppression of spr1 helical growth by sos1, an hkt1sos1spr1 triple mutant was generated and was compared with a sos1spr1 double mutant (Fig. 4C, D) . Root epidermal cell files of wild type and sos1spr1 were straight and the primary roots of these genotypes grew downward roughly in the direction of the gravity vector. In contrast, in the hkt1sos1spr1 triple mutant, as well as in spr1, root epidermal cells skewed to form left-handed helices, and roots bent sharply to the right side of the plates. Root length was reduced by $35% from wild-type length in these mutants, probably because of reduced anisotropic cell expansion. Therefore, sos1 cannot suppress the spr1 root skewing phenotype in the presence of hkt1.
Interestingly, hkt1 had no apparent effects on the aerial phenotype of sos1spr1 (Fig. 4D) . The etiolated hypocotyl of hkt1sos1spr1 was indistinguishable from the sos1 spr1 hypocotyl in terms of growth and cell shape. This result is consistent with the report that the Na þ content in hypocotyls was not markedly different between hkt1 and wild type (Berthomieu et al. 2003) .
In this study, we did not generate an hkt1spr1 double mutant. This is because an hkt1 mutation decreases the Na þ content of the root, which we speculate is unlikely to affect the MT organization and the spr1 phenotype. Indeed, the hkt1 root was indistinguishable from the wild-type root, in its response to the MT drug taxol (Fig. 5B) .
Cortical MT arrays in sos1 mutants
Suppression of spr1 helical growth and altered response to MT-interacting drugs suggest that sos1 compromises MT functions. To test this possibility, we examined cortical MT arrays underneath the outer tangential wall of root epidermal cells at the elongation zone by whole-mount immunolabeling using an anti-tubulin antibody. Cortical MT arrays from wild-type roots were nearly transverse to the long axis of the cell, while the arrays in spr1 were oblique and formed shallow left-handed helices (Fig. 5A, Furutani et al. 2000) . In sos1spr1 and sos1, cortical MT arrays were arranged mostly in the transverse orientation and were indistinguishable from wild-type arrays (Fig. 5A) .
Treatment of seedling roots with 50 mM NaCl did not affect anisotropic growth of wild-type cells but induced radial swelling of sos1 epidermal cells at the root elongation zone (Supplementary material). Cortical MT arrays were similar in control and salt-treated wild-type roots (Fig. 5A, B) . However, in the elongation zone of sos1 roots, the MT arrays in the salt-treated swollen cells were much more randomly oriented than the arrays in the non-treated cells (Fig. 5A, B) . We also analyzed MT organization in root epidermal cells treated with 3 mM propyzamide at the elongation zone (Fig. 5C ). In wild-type cells, the arrangement of cortical MTs was less well organized and somewhat skewed in shallow right-handed helices, as reported previously (Furutani et al. 2000, Naoi and . In contrast, cortical MTs of sos1 root cells formed clear left-handed helices. These skewed arrangements of cortical MTs were correlated with left-handed and right-handed helical growth of wild-type and sos1 roots, respectively, in the presence of 3 mM propyzamide (Fig. 2D) .
Discussion
Cortical MT functions are compromised in sos1 without salt stress
The plasma membrane Na þ /H þ antiporter SOS1 transports Na þ into the apoplast to prevent rapid Na þ build up in the cytoplasm under salt stress. It has been proposed that salt stress signals are mediated through calcium ions to the SOS2-SOS3 kinase complex, which then activates the SOS1 antiporter activity by phosphorylation and also partly up-regulates the transcript level of SOS1 at the post-transcriptional level (Zhu 2003) . Defects in SOS1, or in its regulators SOS2 and SOS3, therefore result in increased sensitivity to exogenously supplemented Na þ through the root system. In the absence of salt stress, SOS1 antiporter activity is not detectable (Qiu et al. 2002) and the sos mutants are almost indistinguishable from wild type. When plants or cultured cells were grown in various conditions without salt stress, the sos1 mutant accumulated approximately the same, or slightly increased, amounts of Na þ compared with the wild type . Abnormal cortical MT organization and resultant skewed root growth in response to the MT-targeted drugs reported here represents a marked sos1 phenotype in the absence of salt stress.
How could defective SOS1 function result in compromised organization of the MT cytoskeleton? In animal cells, plasma membrane-localized ion channels often interact with cortical cytoskeletons (Fujita et al. 2001 ). SOS1 and animal NHE1 are homologous plasma membrane Na þ /H þ exchangers containing 12 transmembrane regions and a cytoplasmic C-terminal tail (Shi et al. 2000) . The C-terminal tail of NHE1 acts as an anchor for actin filaments to control the integrity of the cortical cytoskeleton, independently of its ion exchange function (Denker et al. 2000) . SOS1 possesses an unusually long cytoplasmic tail whose possible functions are proposed to include regulatory phosphorylation sites for the SOS2-SOS3 kinase complex ) and a sensor of Na þ (Zhu 2003) . It might be possible that the SOS1 cytoplasmic tail is used to anchor cortical MTs, directly or indirectly. This possibility, although intriguing, is not consistent with the available data. Three sos1 alleles (sos1-3 sos1-12 and sos1-15), which were predicted to express mutant SOS1 proteins containing amino acid exchange mutations in the transmembrane helices but with intact C-terminal tails, showed drug-induced abnormal root skewing phenotypes indistinguishable from those displayed by the sos1 alleles with mutations at the tail region (sos1-14, sos1-16 and sos1-17) or by the putative null allele (sos1-1). Moreover, the drug-induced right-handed helical root growth of sos1 reverted to the wild-type left-handed helical growth in the presence of the hkt1 mutation, which would counteract sos1 to reduce Na þ accumulation in the root (Rus et al. 2004 ).
We prefer a more straightforward explanation that SOS1 has a residual Na þ /H þ exchange activity in the roots of Arabidopsis seedlings grown on the standard MS culture medium. Removal of such a basal SOS1 activity may lead to mild ion imbalance that may not be readily apparent by the conventional ion analysis of sos1 tissues. Recent electrophysiological analysis also revealed that, even in the absence of salt stress, the H þ fluxes in the mature root zone of sos mutants were significantly different from those observed in wild-type roots (Shabala et al. 2005) . We propose that organization of cortical MT arrays is sensitive to increased cytoplasmic levels of Na Salt stress affects Arabidopsis cortical MT Organization and helical growthfunctions of cortical MTs in sos1 roots may be undetectable in normal growth conditions but may manifest when the MT array is challenged with the MT-interacting drugs. A link between a general imbalance in cation homeostasis and microtubule defects has also been reported in yeast. Disruption of a kinesin-like protein Kar3 leads to increased sensitivity to NaCl stress in budding yeast (Schoch et al. 1997) . A fission yeast mutant of a cation P-type ATPase, which is localized to the endoplasmic reticulum, displays several morphological defects in cell polarity and cytokinesis, and has destabilized MTs (Facanha et al. 2002) .
What aspects of MT functions are sensitive to salt stress is not clear. Many chemicals have been described that promote or inhibit assembly of MT polymers from pure tubulins in vitro, but Na þ does not exhibit strong effects on MT assembly or stability. For example, MT polymerization from purified bovine tubulin in vitro is not inhibited by NaCl at concentrations as high as 400 mM (M. Yao and T. Hashimoto unpublished results). Since cultured tobacco cells adapted to 428 mM NaCl still maintained cytoplasmic Na þ concentration below 100 mM (Binzel et al. 1988 ), cytoplasmic Na þ does not appear to inhibit MT assembly directly in sos mutant root cells or in wild-type root cells challenged with 50 mM NaCl. A possible target of Na þ is phospholipase D (PLD) that potentially anchors cortical MTs to the plasma membrane. A tobacco PLD associates with cortical MTs (Gardiner et al. 2001) , and 1-butanol, a potent activator of PLD, releases cortical MTs from the plasma membrane and partially depolymerizes them when added to the culture medium (Dhonukshe et al. 2003 , Gardiner et al. 2003 . When 150 mM NaCl was added to cultured tobacco cells as a potential activator of PLD, this treatment moderately increased PLD activity, as measured by formation of the phosphatidylbutanol adduct in the presence of 1-butanol, and concomitantly rearranged the cortical MT array organization (Dhonukshe et al. 2003) .
It is possible that cortical MTs are affected indirectly by physiological changes triggered by salt stress. High salinity activates ethylene and ABA signaling pathways that integrate at the DELLA proteins to restrain growth under adverse salt conditions (Achard et al. 2006) . Enhanced ethylene production under salt stress, for example, may destabilize MTs, as found for ethylene supplied exogenously to plant tissues (Shibaoka 1994) .
SPR1 function and salt stress
Since the amino acid sequence of SPR1 is novel and does not contain any known motifs, its biological function has only been deduced from its association with MTs in vivo and mutant phenotypes , Sedbrook et al. 2004 . Rapidly elongating spr1 cells form epidermal cell files skewed to a steep right-handed helix and have cortical MT arrays arranged in a shallow lefthanded helix, and these cytoskeletal and morphological abnormalities are effectively suppressed by lefty tubulin mutations, growth at 298C or treatment with a low dosage of MT-interacting drugs that reduce MT dynamics in Arabidopsis cells (Furutani et al. 2000 , Thitamadee et al. 2002 , Nakamura et al. 2004 ). Here we have demonstrated that moderate salt stress, as applied by sos mutations or by exogenous supply of 50 mM NaCl, effectively suppressed the spr1 phenotypes. It is conceivable that these suppressing conditions affect MT stability or dynamics in an opposite way to the spr1 mutation.
It is noteworthy that the right-handed helical growth phenotype of spr2 is hardly affected by salt stress. Likewise, other genetic or growth conditions that suppress the spr1 phenotypes do not affect spr2 mutants (Furutani et al. 2000 , M. Yao and T. Hashimoto unpublished results). Thus, although both spr1 and spr2 mutations cause elongating cells to twist to the same direction and MT defects underlie the mutant phenotypes, how they affect MT functions may be quite distinct. The synergistic enhancement of anisotropic growth defects in the spr1spr2 double mutant is in accordance with a model that SPR1 and SPR2 regulate MT functions in different ways (Hashimoto 2002) . Biochemical characterization of SPR1 and SPR2 is expected to reveal how dynamics and organization of cortical MTs are controlled by these plant-specific proteins.
Materials and Methods
Plant growth conditions
Surface-sterilized seeds of A. thaliana were germinated and grown on vertical plates containing 0.5Â Arabidopsis nutrient solution (Haughn and Somerville 1986) , 2% sucrose and 1.5% agar, as described previously (Furutani et al. 2000) , unless otherwise noted. When the phenotypes of mutants including hkt1 were analyzed, MS medium (Murashige and Skoog 1962) , which contained 3 mM CaCl 2 , 2% sucrose and 1.5% agar, was used (Rus et al. 2001) .
For salt stress experiments, the indicated NaCl concentrations were used to supplement the standard culture medium and the NaCl included in the basal medium was not taken into account. Stock solutions of propyzamide (Wako, Osaka, Japan), oryzaline (AccuStandard, New Haven, C, USA) and taxol (Nakalai tesque, Kyoto, Japan) were prepared in dimethylsulfoxide, and diluted with culture medium before use. The final concentrations of dimethylsulfoxide in the media did not exceed 0.3%, at which concentration the growth of seedlings was not affected.
Mutant screening and map-based cloning
For the suppressor screening, we mutagenized spr1-1 Ler ecotype with EMS, and isolated a recessive suppressor ssp30 from M2 populations. For fine mapping, ssp30 spr1-1 was crossed with spr1-2 (Col ecotype), and phenotypically wild-type seedlings were identified in the F 2 population. Genomic DNA was extracted for PCR-based mapping with cleaved amplified polymorphic sequence (CAPS) and simple sequence length polymorphism (SSLP) markers (http://www.arabidopsis.org/aboutcaps.html) as described previously . After the SSP30 locus was narrowed down to a 45 kb region [covered by bacterial artificial chromosomes (BACs) F23I14 and F14H20] in the upper end of chromosome 2, seven open reading frames predicted in this region were sequenced. A missense mutation was found in the SOS1 gene. Since the F 1 seedlings between ssp30 and sos1-1 showed the sos1 phenotype, we renamed ssp30 as sos1-101. The sos1-101spr1-1 double mutant was backcrossed to Ler, and a single homozygous sos1-101 mutant was selected from the F 2 plants.
A second mutant screen was based on the root slanting phenotype on vertically positioned plates containing 3 mM propyzamide. EMS-mutagenized M2 seeds were purchased from Lehle Seeds (Round Rock, TX, USA), and T-DNA-mutagenized seeds of the Jack population (http://www.dartmouth.edu/$tjack/) and the Weigel population (Weigel et al. 2000) were obtained from the Arabidopsis Biological Resource Center (ABRC). Several mutants were isolated that showed root growth toward the right side of the plates, in contrast to the leftward skewed growth of wild-type roots, and were tested further for sensitivity to salt stress on medium containing 50 mM NaCl. Four mutants showed enhanced salt sensitivity, and their mutant loci were roughly mapped after crossing to the wild-type Ler. Three mutants were mapped near the SOS1 locus and one was mapped close to the SOS2 locus. Since mutations were found in the corresponding genes and complementation tests confirmed the identity of the genes responsible, these mutants were named sos1-102, -103, -104 and sos2-101, respectively.
Genetic crosses
To generate double mutants, sos1-1, -103, -104 and sos2-101 were crossed with spr1-2, and sos1-1 was also crossed with hkt1-1. The sos2-101spr1-2 and sos1-1hkt-1-1 double mutants were selected from F 2 plants. Because of the genetic linkage of the SOS1 and SPR1 loci on chromosome 2, the sos1/sos1 spr1/þ genotype was first selected among salt-sensitive F 2 seedlings by PCR, and double homozygous plants of sos1/sos1 spr1/spr1 were then obtained in the F 3 generation. After sos1-1spr1-2 was crossed with hkt1-1sos1-1, the triple homozygous mutant hkt1-1sos1-1spr1-2 was selected from the F 2 population. We used genomic PCR to detect mutations in SPR1 and HKT1 in spr1-2 and hkt1-1, respectively, as described previously , Rus et al. 2001 . After selecting by salt hypersensitive phenotype, lesions of the sos mutants were confirmed by sequencing the corresponding SOS genes.
Phenotype analysis
Gross morphology and epidermal cell files of seedlings were observed using an Olympus stereoscope SZX12 equipped with a DP70 or DP10digital camera (Olympus). Cell walls in roots were stained with 5 mg l À1 propidium iodide (Sigma), and observed using an LSM510 confocal microscope (Zeiss). For staining, seedlings were grown on medium containing sucrose at a concentration of 1%. For histological analysis, etiolated hypocotyls were fixed and embedded in Technovit 7100 (Kulzer, Hereaus) as described previously (Furutani et al. 2000) . Longitudinal and cross-sections of 10 mm thickness were made with an HM325rotary microtome (Microm), stained with 0.05% toluidine blue O and observed with a Nikon microscope E-1000 equipped with Polaroid digital camera PDMCII.
Immunolabeling procedure
Whole-mount immunostaining of seedling roots was performed as described previously (Sugimoto et al. 2000) , using anti-a-tubulin (Ab-1, Oncogene) and fluorescein isothiocyanate (FITC)-labeled anti-mouse IgG (KPL) antibodies. Fluorescence images were obtained with an LSM510 confocal microscope (Zeiss).
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